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'JOver the last several years our research program has been heavily involved

in developing the technology previously mentioned which is now being focused

upon commercially to established broad based routes to perfluoropolyethers, one

of the most exotic and important classes of high performance materials to be

developed over the last twenty years. Our original route involved the very

straightforward controlled elemental fluorination of hydrocarbon polyethers, the

simplest process being the fluorination of the hydrocarbon poly(ethylene

,(CH 2CH20) , #- (CF2CF2O),+ HF (I)

These direct fluorination techniques have markedly increased the number of

perfluoropolyether structures available for study; however, there are only 13

commercially available hydrocarbon polyether precursors.

We have developed a new synthetic method which we consider to be truly

general and which will open synthetic routes to literally hundreds of different

perfluoroether and perfluoropolyether structureS 4 " This synthetic technique

involves the conversion by direct fluorination of hydrocarbon polyesters to

perfluoropolyesters followed by treatment with sulfur tetrafluoride to produce

new perfluoropolyethers and in some cases perfluoropolyether esters which can 0

be hydrolyzed to produce functional fluorocarbon polyethers. c, / *,*.

General Synthetic Scheme
0 00 0 0-

(1) frOCR6C0R*9, OCjOR*
00 FF

F F

F F F F

(3) 40COc+, +0~f A;)*NcO3,
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The first reported syntheses in this manner were the conversion of

poly(2,2-dimethyl-1,3-propylene succinate) (I) and poly(1,4-butylene adipate)

(II) to novel branched and linear perfluoropolyother structures, respectively:

CHI.0 0 cF*
1 11 11 ,1 . *- I

1) I2OCW C%4VO'o t #/W

0 0II II g pg

MU +CKP4 cCN"ZCH 1CkO*&ri~

These new methods offer a number of significant and important advantages.

The first advantage with this technique is that it is possible to prepare

perfluoropolyethers containing more than two sequential carbon atoms in the

perfluoropolyether backbone between adjacent oxygen sites. In the tetrafluoro-

ethylene oxide and hexafluoropropylene oxide technology (i.e., polymerization

of vinyl monomers and vinyl epoxides), one is limited to repeating two carbon-

ether chains. A second important advantage is that perfluoropolyethers with

unsymmetrical repeating units (alternating copolymers) are available (AOBOAOB)

whereas with vinyl epoxides, other than random copolymers, one must have

repeating AOA structures. A third advantage is that this technique also is

capable of producing highly branched ethers which have elastomeric properties

and fluids of higher thermal stability.

It is clear that if one considers as a class vinyl epoxides of the form

of structure 2 where R groups are large, such as more than two trifluoromethyls

or structures much more exotic, polymerization would be hampered markedly by

the steric bulk of certain R groups, leading to a low molecular weight

materials.

S 0" C
pill g
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In many cases the synthesis of certain vinyl-substituted epoxide monomers would

be extremely difficult or impossible even if polymerization were not a problem

A fourth and very important advantage with this method is the ease with which

one can leave ester units in the high polymer and subsequently base hydrolyze

to produce difunctional fluorocarbon polyesters of lower molecular weight.

0 0

3

Functionalization of fluorocarbon polyethers is exceedingly difficult with

conventional technology and often involves many steps and extremely high costs.

An important effect observed when nonstoichiometric amounts of SF4 are used is

illustrated in Figure 1. Normally a 2-fold excess of SF4 is necessary to obtain

I.
MW n/2 M

moslecular weight
Fim I. Gaumm datrlb two of difunctroaai efuoropolyutber ma-
eieWur weilhts produced with ornad n/2 el of SF.. Boh samples ar

hydrolyzed to produce tw diaca aur tmat with SF.

the high molecular weight nonfunctional polymer. As illustrated, if less than

stoichiometric amounts of SF4 are used, one obtains different Gaussian

distributions of molecular weights, indicative of the average distance between

the ester units left in the macromolecule. By varying the SF4 used, it is

possible to shift the average molecular weight distribution at will. This

technology makes available a very low-cost route to important new fluorocarbon

surfactants and intermediates.

There are some 350 commercially obtainable linear hydrocarbon polyesters;

thus the sulfur tetrafluoride-to-ether conversion technique is very broadly

- 4 . 4 '4 .q.*- .
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applicable to produce many novel perfluoroether structures. There are also

over 750 hydrocarbon polyester structures prepared and characterized in the

literature, allowing this technique almost total structural flexibility.

A new development in the perfluoroether field enables the synthesis of

a number of surfactants and perfluoroesters containing ether linkages. This

extends the technique and the manuscript establishes a number of new synthetic

routes to surfactants.6  There is already industrial interest in this new

technology.
SPECTtL. ASSINENTS OF COMPOUNDS FROM 0% SF4 REACTION

Highest M/e 19 FMR 1H N
Compound In mass spec (ptl. CFCI3) (rel. TMS)

(CF2CO2C 3}2 C 59 -120.6 i3-912 2 3 2 P-C02CHI
3

(CO2CH3)2  59 3.89
P-C0 2 C03

(CF2CO2 H)2  145 -120.3 511.43P-C0
2N

(CO )2  45 - 59.00P-CO
2M

SPECTRAL ASSIGNMENTS OF COMPOUNDS FROM 251 SF4 REACTION

Highest F/e 19F M
Compound in ass spec F NR

(CF2C02C13 )2  159 -120.6 63.96-
P-CO

2 CM3

(C02 01 3 )2  59 63.96"(CO2M3)2P* 
.X2(M3

N3CO2 CCF OCF2CF2 CF2 CO2 C43  275 a -77.8 63.96*
a 2 2c2 d 2 

b 3.7

c .126.8

d -119.1

*Average chemical Shift of CH3',

P 1.4 .
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SPECTRAL ASSIGMENTS OF COMPOW FROM SO% SF4 REACTION

Highest 0/0 19

m~cCF CF2C FC275 a -77.3 63.93'

b oCC2 c 2 2 2CC 3  P-CO2CH3  b -44.2

c -127.0

d .119.0

HNcOCCF CF CF OCF2)OF 2 FCF2CO2 H 491 a -119.0 63.93*

a bc d c ba 2C3 b -127.0

c .64.2

d 88.7

H CO CCF OCF CF CF CF OcF2 CO CH4 391 a -77.3 63.93'
3 a 2b2c 2c 2b 2a 223P-Co 

2 cm3  b -84.2

c -125.5

H C0 Ccr OCF CF CF2Cr 0CF Cr 0CF CF,CF Cc2aC, 607 a -77.3 63.93'
3 2a 2b 2c2c b 2d 2d 2b 2 2f P.CO 2 CH3  b -84.2

c -125.5

4 -8.7

-127.0

f -119.0

*Avuwage chemical shift of OlI's

SICTM A SS16WEM OF COMPOUNDS FROM 100% SF 4 REACTION

Highest a/c 19 1
Camocufld in mass spec F mia 1 NMR

(H 3CO2 CCF 2OCF 2CF 2CF 2CF 2OCF 2)2  b2 -63.3 3.4

a b cc b d - 2c3 b -8.
c -125.3
d -88.6

3 02CC C 2CF2OC 2C 2OC 2C 22 -823 CH a 119.3 63.94'

a(b c III dCc co2 C 2 F 2 C 2 F P C 2  3  b -1 2 6 .6

c -83.3
d -88.6
e 125.3

H 3CO2 CCF 2 OCF 2CF 2CF 2CF 2OCF 2CF2O0) 2CF 2CF 2CF 2C 2CH3  a -78.0 13.94'

a b c c b d d b e f b -83.3
c -125.3

PC2 cm3  e -126.6

f -119.3

eAverage chemical shift of 043,
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A number of really intriguing perfluoropolyether structures have been prepared using
4

this technique. For example, a manuscript is in preparation now on the following

structure:
CF 3  CF 3
1 I

(-CF2-C-CF2O-CF2-C-CF2O- )n

CF3  CF3

Note that this is a very interesting molecule structurally. It essentially

contains perfluoro neopentyl (almost a perfectly spherical and inert fluoro-

carbon group) connected with a chain of very flexible oxygen hinges. The

materials that we have prepared have a degree of polymerization around 150

and are extremely stable solids (decomposing about 4200 C). This structure is

much like a chain of pearls with the oxygen serving as the string and makes

very little contact with a surface, for example in lubrication studies. This

is thought to have potential as a solid lubricant and samples are under study

in the National Aeronautics and Space Administration Lewis Research Center's

Tribology Department. Efforts are underway to make even higher molecular weight

species.

Another breakthrough in the synthesis of perfluoropolyethers involves the

synthesis of branched perfluoropolyethers from copolymers based on

hexafluoroacetone. 7 Three new perfluoropolyether structures have been produced

by fluorination of hexafluoroacetone copolymers with ethylene oxide-propylene

oxi de oxetanes: ezuoat/ehyle oxide copolymer

K-OCMICH2-0 , (-OCFjCFgO-), (1)

hezatluoroecetone/propylene oxde copolymer
F3c CM3  FSC CF3I I W I I 1 .)

IOCH0) bi - COCCF 2O1 (2)
F3C M Fs F

hezAuoroecetone/ozetane copolymer

(ZCMC,o4,O_0CZF2~O), (3)'F

C's
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The general scheme of the polymerization process is as follows:

00 F1 11 F3C

LI I -i
cF3ccF 3  + I4C. 43  - -COCCH O-], - -¢OCCF 2O- 2,,,

LJ 
F

The physical properties of these new structures are still being evaluated but it

should be noted that prior to our work there were available only Du Pont's

homopolymer of hexafluoropropylene oxide and Monticatini Edison's polymerization

of mixtures of oxygen and tetrafluoroethylene (to give two different

structures). Therefore with the exception of various molecular weight ranges,

before our work there were really only three structures known.

Another significant breakthrough that has been made in our laboratory in

the last two years is the process for partial fluorination of gas separation

membranes. We have known from previous work that fluorination of polymer

surfaces provides excellent gas diffusion barriers and liquid diffusion

barriers. We reasoned that light fluorination of a selective gas separation

membrane would change the selectivity in very pronounced ways. We have then

tested this hypothesis on normal thin film membranes and soon hope to work on

porous fiber (asymmetric) membranes. We have found that the selectivity

increases especially for "size separation" systems are very large indeed (often

31)
after light fluorination the increase in selectivity is on the order of 10 !).

These observations according to Professor Don Paul, a recognized authority in

the field, constitute a major breakthrough in separation technology. This

area of chemistry will also be a substantial part of our new program; it is now

being developed jointly with Professor Donald Paul of The University of Texas

Department of Chemical Engineering. A joint paper on this new phenomenon was

recently published.
8

In a system as simple as polyethylene, Figures 2 and 3 show a dramatic

selectivity effect. First note that on Figure 2 the helium diffusion and hydrogen
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diffusion are completely unaltered, thus there is no drop off in flow rate whereas

the permeability to carbon dioxide and methane are decreased by several orders of

magnitude.

In our last proposal to AFOSR, we proposed synthesis of the highly branched

perfluoropolyether structure below: CF3

CF3 - C - CF3

0

CF3  CF2  CF3
CF L CF- C - CF2 -. -CF 2 -0--C 3

1
CF F CF2-CFF

CF3

Perfluoro(pentaerythrityl tetra-t-butyl ether)

We did prepare some quantities of this and found that it was a rather viscous

fluorocarbon grease. Perfluoropolyethers, it should be said, are very special

materials because the ether linkage acts as a hinge. Therefore, many perfluoro-

polyethers have extraordinary low temperature properties. It just does not take

very much thermal energy to produce some degree of vibrational energy in the

ether linkage. There is also at very low temperatures free rotation about the ether

linkage. For this reason well chosen perfluoropolyether structures will

have excellent liquid properties at temperatures as low as -800 or -100 0 C. This

also gives a small increase in the high temperature thermal stability since the

ether linkage introduces considerable flexibility under thermal stress.

In the following pages one can see some of the structures that have very

recently been synthesized in our laboratory:

.. 4.
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PRFLURO(PENTAERYTHRITYL TETRA ThYL ETHER) PRFLUORO(KNTAERYTHRITYL TETRA-t-SUTYL ETHER)

F CF3  
F2

C - CH--0 )4. C - CF.O-CF. 4  H.W. 5S2 IC--CZ-0-G4-CH 3 )3)4 --- - C-4-CF 2-0-C--CF3 )3 )4  M.u. 1151
2 34 a b c 3 0

1
CF2  

19 F nm data:
13 C(

1 9F) and F nor data: I FOC2 -. data:
CF 3 -0 -CF 2 oC - CFZ 2 0 °CF 3I for* shows a Sarp singlet at -70.0 for CF3

a .IF2  the CF2 signal is an envelope of peaks centered at -130

b) 119.363 -70.0 (relative to CFCl3 ) 0

c) 117.282 57 .9 CF3cmass spectral data:

mass spectral data. no (P-F) observed

(P-F) W/e 533 shows regularly spaced peaks characteristic of polymrized

C7F1303  379 material

C7F902  291 material obtained is a viscous, very non-volatile
9 2 oil

C 5F7 2  225

CF3OCF 2  135 (base peak)

CF 3  69 CF3SCF 3  C - CF3

elemental analysis: 
0

0

calc. found C 3 C F

19.561 C 19.34
CF 3  0- C -0-F -C CF 2 -0-C-CF 3

68.66 F 68.84
CF 3  CF2  CF 3

ooH 0.00 0 .D 0

12.00 0 11.59 
CF3 - C - CF3

CF3

boiling point: 
130.7 C

Smialting point -87.80C

381 yieldC 3
PERFLUOROlPENTAERYTHRITYL TETRATHYL ETHER) C

C -4-0C14--CH 3) 4 C 4- CF-O-CF -CF M.W. 752 0

2 2 34 a b 2  c 2 d 3  CF2

C(19F1 and 
1
9F nar data: CF3 - CF2 - 0 - CF2 - C - CF2 - 0 - CF2 - CF3

CF 
2

a) 67.012 10
b) 118.453 -90.3 (relative to CFCl I

3 F2c) 116.047 -89.3

d) 114.3S6 -67.2 CF3

mass spectral data:

(P-F) Wne 733 CF3CF2OCF2  u/a 185

C9 F1703  479 CF3CF2  119(base)

C7F1103  341 CF3  69

C6 F902  275

elemental analysis: boiling point 170*C

calc. found mIting point -60C

20.76% C 20.44 25% yield

70.73 F 70.61

0.00 H 0.07

8.51 0 8.88
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Further we have prepared what we believe is the first perfluoro ortho-

carbonate: 9  CWN01) 4  .--.. COF 3)4  P.M. 352

Boiling point 20.8%

CF 3 .0 -C - 0 -CF 3  ~1tin Polit -4S.0*C

0 Yield 95

CF 3

13 V 19F) (vs. eit. (Oi34111 and 19 F (vs. ext. CFC1 3) W- dat:

a) 116.6 pp. 459.0 ppO

b) 114.9 pno

MOSS spICtral data: e1lowta1 analysis:

IF.0CF3J+ 267 Cale, fOund

[CF(0CF 3)2) 201 17.05 C

(OCOCF 31 113 64.77 F in Process

EaCT3)* as 0.00 M

(0CF)* 47 16.16 0

Recently we published a manuscript on the first perfluoro crown ethers.10

Namely perfluoro 18-crown-6, perfluoro 15-crown-5, and perfluoro 12-crown-4 have

been prepared. F2 F2 Propertesand Chaacterization of perfluoro 13cro-nS and

0 0 0 pefluoto 12-crown-4.4 Satisfactory elemental analysers (C. F) were

(0 F2 F2 -crowis'S 12-crown-i

"ing point. T 146 118
112-evown-A FZ F2  1.250(pu Pa).a - I s). 12604 ,s i.

peflsaro 12-arowin-L t vpupae.c- 12281vs). I I 8(vs 1.
I I S(vs). 1160(vsj.
745(m) 1060m).

F2 F2  S(n I.
745(brj

C o- *F F2 r 0 zN.mn.r. (neat lquid) 9F -91.(s) pp.m. MF -90 0(si p p.m

~'C0 0 'JC 6114.9 (s) 1Tb 114 9(s
MaS spieclrumniiz 380 (c,nF.pO.M-) 445 (C.F,.0.

25cow- 2 M, -F)

ptorflor 15 crown - A table for the straight-chain fragmenatationl products listing mass
specra and "IF data (two pages) is available from the authors

F2 F2

0 706- 60 OC 02 0

peffluorg Is-rowns-6
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This work by Wen-Huey Lin of our research group has produced some really

interesting and thermally stable fluorocarbons. The perfluoro crown ethers are

much weaker bases than crown ethers. We already know of a number of potential

applications for the materials. As far as coordinating cations, we are doing

some collaborative work with Dr. Barry Haymore of Monsanto. We have succeeded

in showing that we can at least clatherate the potassium ion in 18-crown-6.

The perfluoro compounds 15-crown-5 and 12-crown-4 are nontoxic extremely stable

liquids whereas perfluoro 18-crown-6 is amazing in its physical appearance. It

forms beautiful crystals in sealed tubes often weighing as much as half a gram.

These single crystals have an appearance very similar to zircons, material

commonly used for sparkling costume jewelry. The structure of perfluoro

18-crown-6 has been done and is a feature of a second full paper about to

emerge.
11

The 18-crown-6 structures is considerably less planar than the hydrocarbon

structure.
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The success that we had with the perfluoro crown ethers has also led us to

look for other systems that would have somewhat similar properties. Previously

perfluoro cyclooctane was prepared by elemental fluorine reactions in our

research program. 12Thus a very able member of our research group, Hsu-Nan

Huang, prepared a number of unknown cyclic fluorocarbons and they too have

applications in the fluorocarbon biomedical area and licensing possibilities are

under discussion for these as well. 
13

Fpp

M.W oe 9 *C WmV469C9u
Xme AlV

4P pp if P WYdi

po OFU
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Note also in the figure above that there are some really interesting temperature

dependent NMR phenomena associated with the new species where nonequivalent

fluorine are observed until the ring compounds are heated and there is rapid

ring equilibration. The structures of these species are being obtained in

collaboration with the Simonsen crystallography group at the University of

Texas.

Another area of active interest recently in our research program has been

the synthesis of organofluorine sulfur compounds. One of the most spectacular

of these recently prepared is the species.perfluoroneopentyl sulfur penta-

fluoride which we obtained in high yield from the mercaptan.14  We are in hope

that this will also be a dielectric material such as SF6. Its boiling point is

1080 C and melting point -870 C. We are very interested in the structure of this

material. F 1 3

CH3-C- 2 .SM -1;Oe.-. Cr3
F2/Ne G 

I

SNOWS

I 0i%

ar lo Son. ffl~ll* "W(=MMSMM,,. OL 1,19IIS O nrsmmimnSUA*"
'

um

.3 M.,

ko ""Cfrl)*. O'l '3)*, 0003)'. Ia

. j CF3A D.P. Ism

I ).m ( *.mii
3

FI I I I l I I COSI
- , -, , T . , , , ,., -

F _CF-4- 1, 3
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On the next pages you will see a number of other sulfur fluorine carbon

compounds which were made for various reasons recently. Some of these have such

interesting structures where the syntheses should be of definite interest to

reviewers who have a background and interest in organosulfur fluorine chemistry.

Some are starting materials for new fluorocarbon functional membranes. Ten

other organofluorine structures are in the process of being fully characterized.

rr IN

A 0

C" S F2e \- N3 CF 0
,,C -40e-R ,CF-3-F + ,CH-S-F am - am - 12.1 ft 'I

CC33 0 CF3 0' m Joe . .,f

k& n% 79%

.435~4 0G

A7,

43' fli

A *I . J= . a., ao.

U AM. :

I$@ In I"9 li I"*
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DWWS Fb*WflSA GO %,
4

-94M *A" ~ v w~a 4

0
0 0

o 0 0(:) k f c 3clcl2 sIIIIIIIII I<
-78f + C3CFCF2--F0

** W ^ I

Highly branched perfluorocarbons 14 i s

We have had a long and continuing interest in highly branched

fluorocarbons. One very interesting compounds just prepared is perfluoro-3,3-

diethylpentane (a perfluoroneopentane analogue).

IC2"I,

C" &S &C3 2CF3
043 &3 3 CFI

Sa. -wo ow 00%M

CF3
CFZ

CF3

a 1.4 Cf3

lit lie is'l to
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We have some preliminary results as well on the propyl and butyl four coordinate

carbon species.15 It does appear that we may be able to synthesize both of those

compounds as well as produce some highly interesting fragment materials from the

4i breakage of only one of the chains while the very sterically hindered molecules

undergo fluorine substitution.

J1
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Professor Richard J. Lagow

Recent Publications Arising from Air Force Office of

Scientific Research Grant #AFOSR-82-0197

1. "The Direct Fluorination of Hexamethyldigermane and Hexamethyldisilane,"
Inorg. Chem., 21, 524 (1982) (with R.E. Aikman).
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